Carbon dioxide (CO 2 ) released from respiring cells in the stems of trees (R S ) can diffuse radially to the atmosphere (E A ) or dissolve in xylem sap and move internally in the tree (F T ). Previous studies have observed that E A decreases as stem or branch diameter increases, but the cause of this relationship has not been determined, nor has the relationship been confirmed between stem diameter and R S , which includes both E A and F T . In this study, for the first time the mass balance technique was used to estimate R S of stems of Liriodendron tulipifera L. trees of different diameters, ranging from 16 to 60 cm, growing on the same site. The magnitude of the component fluxes scaled with tree size. Among the five trees, the contribution of E A to R S decreased linearly with increasing stem diameter and sapwood area while the contribution of F T to R S increased linearly with stem diameter and sapwood area. For the smallest tree E A was 86% of R S but it was only 46% of R S in the largest tree. As tree size increased a greater proportion of respired CO 2 dissolved in sap and remained within the tree. Due to increase in F T with tree size, we observed that trees of different sizes had the same R S even though they had different E A . This appears to explain why the E A of stems and branches decreases as their size increases.
Introduction
Although respiration of individual cells can be clearly linked to, and quantified by, the amount of CO 2 that cells release over time, measuring respiration of woody tissues (stems, branches, roots) in situ is complicated by higher level transport processes by which CO 2 moves radially and tangentially within and between tissues . Most prior estimates of woody tissue respiration have been based only on measurements of CO 2 efflux to the atmosphere (E A ), which has been shown to represent just a portion of the CO 2 released from respiring cells, because a substantial additional portion of respired CO 2 can be transported in xylem sap as dissolved CO 2 , carbonate or bicarbonate . Some of that carbon diffuses to the atmosphere as the transpiration stream passes through stem, branch and petiole tissues, and some is refixed by photosynthetic cells in those tissues and in leaves (Bloemen et al. 2013) .
We have few direct measurements of the rate of woody tissue respiration (McGuire and Teskey 2004 , Bowman et al. 2005 , Angert et al. 2012 .
Measurements of E A are often assumed to provide some idea of the magnitude of metabolic activity of woody tissues, although these measurements almost always underestimate the actual rate of woody tissue respiration. From E A measurements, estimates of the amount of assimilated CO 2 that subsequently fluxes to the atmosphere from woody tissues range from 11% to 33% in temperate forests and 40-57% in tropical forests (Ryan et al. 1995 , Damesin et al. 2002 , Chambers et al. 2004 . A recently developed model estimated that the mean global E A from temperate, tropical and boreal forests combined was 6.7 Pg C year −1 over the period of 2000-12, which was equivalent to 84% of the mean annual anthropogenic carbon emissions for that period (Yang et al. 2016) . Among the various woody tissues (stems, branches and roots), E A from stems has been the most commonly measured. These measurements have shown tremendous variation in stem E A among and within trees and across stands, and it is still very difficult to predict and scale E A , let alone actual stem respiration (Bowman et al. 2005) . In addition to internal transport processes, there are many physiological, morphological, anatomical, phenological and environmental factors regulating CO 2 production and CO 2 diffusion from stem to atmosphere (Bowman et al. 2005 , Steppe et al. 2007 .
One pattern that has been observed is that E A , calculated on a total volume or mass, or sapwood volume or mass basis, often decreases as stem or branch size increases. This decrease was first reported by Yoda et al. (1965) in Chamaecyparis obtusa branches. Similarly, Bosc et al. (2003) found that E A of Pinus pinaster branches and stems decreased as diameter increased from 1 to 35 cm. They reported that a linear regression based on dry mass and nitrogen concentration of the tissue could explain 97% of the variation in E A . Cavaleri et al. (2006) measured E A of several tropical tree species and found that it decreased substantially with tissue diameter; for example, in measurements made in the lower canopy, it ranged from 447 nmol kg −1 s −1 in 1 cm diameter tissues to 9 nmol kg −1 s −1 in 80 cm diameter tissues. A decrease in E A with increasing stem diameter has also been observed in other tree species including Pinus ponderosa (Carey et al. 1997) , Combretum micranthum and Guiera senegalensis (Levy and Jarvis 1998), Fagus sylvatica (Damesin et al. 2002) , Pinus densiflora (Kim et al. 2007 ) and Populus nigra (Liberloo et al. 2008) . Although a relationship between E A and woody tissue diameter has been observed many times, the cause of the relationship has not been determined. One possible contributing factor that has not been studied before is an increase in the internal transport of respired CO 2 (F T ) with increasing stem size. It has been demonstrated many times that within a species, under a specific evaporative demand, sap flow increases as sapwood area increases (e.g., Teskey and Sheriff 1996) . The quantity of CO 2 transported via the F T pathway is highly dependent on sap flow . In an early study in 7-year-old P. densiflora trees with similar stem diameters, Negisi (1979) observed a depression in E A when transpiration was high, and in an associated experiment with cut stem segments, he was able to link increasing sap flow to declining E A , suggesting that respired CO 2 was transported in the xylem in proportion to sap flow. Later, Levy et al. (1999) demonstrated that an appreciable amount of respired CO 2 could dissolve in sap and be transported in the xylem of woody plants. Building on those findings, McGuire and Teskey (2004) developed a technique based on mass balance that measured E A along with the internal flux of dissolved CO 2 moving away from the cells of origin in flowing sap. With this method it was shown that a substantial part of the CO 2 released by respiring cells in woody tissues could dissolve in xylem sap and be transported upward by mass flow rather than diffusing directly into the atmosphere (McGuire and Teskey 2004 , Aubrey and Teskey 2009 .
In this study, for the first time, we used the mass balance technique to estimate respiration of stems of Liriodendron tulipifera L. trees of different diameters. Our objective was to determine if Figure 1 . The ratio of 24-h total stem efflux of CO 2 to 24-h total stem respiration (E A /R S ) and the ratio of 24-h total stem internal transport of CO 2 to 24-h total stem respiration ((F T + ΔS)/R S ) as a function of D stem (A) and sapwood area (B) of five Liriodendron tulipifera trees. The solid lines represent least squares regressions of efflux relationships: y = −0.0106x + 1.078, r 2 = 0.91, P = 0.008 (A); y = −2.819x + 0.912; r 2 = 0.89; P = 0.010 (B). The dashed lines represent least squares regressions of internal flux relationships: y = 0.0105x -0.0786, r 2 = 0.91, P = 0.008 (A); y = 2.802x + 0.0869, r 2 = 0.89, P = 0.010 (B). D stem is stem diameter at 1 m above ground (the center of the measurement cuvette).
Tree Physiology Online at http://www.treephys.oxfordjournals.org there was a decrease in stem respiration with increasing tree diameter consistent with previous observations of decreasing E A with increasing stem diameter. We hypothesized that in smaller diameter stems the greatest proportion of respired CO 2 would in E A while in larger diameter stems the greatest proportion of respired CO 2 would be in F T .
Materials and methods
To explore the effects of tree size on stem respiration, we measured five yellow-poplar (L. tulipifera L.) trees of different sizes growing on the same site in Whitehall Forest (33.8848°N, 83.3577°W), a research facility of the University of Georgia located near Athens, Georgia. The site was relatively open and all trees had similar access to solar radiation and received direct sunlight for several hours at midday. Prior to respiration measurements, stem diameter (cm) was measured with a diameter tape. After respiration measurements were complete, sapwood volume, area and radius were estimated from measurements of four cores taken from each stem with an increment borer (Haglof, Lansele, Sweden). Yellow-poplar wood exhibits a distinct color change between sapwood and heartwood that can be easily distinguished (Wullschleger and King 2000) . At the same time, bark thickness was measured with a ruler after cutting through the bark until the sapwood was visible.
Due to the complexity of the experimental setup, including the equipment and power required, stem respiration was measured on individual trees on separate days. Measurements were made over a 4 week period in 2015 on days with similar environmental conditions: 21-22 May (Tree 3), 3-4 June (Tree 4), 7-8 June (Tree 2), 13-14 June (Tree 5) and 15-17 June (Tree 1). All measurement days were mostly sunny, with some clouds in the afternoon. The delay between measurement dates was due to cloudy or rainy weather. The measurement sequence for the five trees was randomly determined. During the early morning (within 1 h after dawn) and at solar noon on the day of measurement, a branch growing within 2 m of ground level was excised and xylem pressure potential (MPa) was measured with a pressure chamber (Model 600, PMS Instruments, Albany, OR, USA) on a twig cut from this branch. These measurements were verified with a psychrometer (Psypro P2, Wescor, Logan, UT, USA) sealed in a hole drilled into the stem 20 cm below the efflux cuvette. Pressure chamber and psychrometer measurements were generally in agreement, except at high water potential when the psychrometer gave erroneous readings. Morning xylem water potential averaged −0.13 MPa and ranged between −0.10 and −0.17 MPa, indicating high soil moisture conditions at the time the measurements were taken ( released from respiring cells by measuring three fluxes: CO 2 efflux to atmosphere (E A , the CO 2 that diffuses out of the stem into the atmosphere); transport flux (F T , the CO 2 that dissolves in xylem sap and is transported upward internally); and storage flux (ΔS, the change over time in stem CO 2 concentration at the measurement location). These fluxes are summed together to calculate the respiration rate of the stem segment enclosed in the cuvette:
), a 30 cm tall cylindrical cuvette was constructed to completely surround the stem. The cuvette was centered at 1.0 m above ground level on each tree. To achieve an adequate seal between the stem and the cuvette, loose bark was removed and remaining bark was smoothed with a rasp in 2.5-cm wide rings around the stem at the location of the top and bottom of the cuvette. The measurement area within the cuvette remained undisturbed. In those smoothed rings, three layers of adhesive-backed closed-cell foam (~2.5 cm wide × 0.6 cm thick, 1741PSA0250, Raleigh-Durham Rubber, Raleigh NC, USA) were attached around the stem, followed by an additional layer of thin-foam double-sided adhesive tape (~2.5 cm wide, S-6755W, Uline, Chicago, IL, USA). These 1.8-cm thick foam rings formed the seals at the top and bottom of the cuvette. Gas lines made of 0.6 cm flexible plastic tubing (Bev-a-Line IV, Excelon, Georgetown DE, USA) were embedded between the first and second layers of foam tape during installation. To mix the air in the cuvette, two small battery-operated fans (Interfan PO001-12D-2510-B4, Allied Electronics, Ft Worth, TX, USA) were placed on opposite sides of the tree inside the cuvette. The thin power lines for these fans were also run to the outside of the cuvette between the first and second layers of foam tape in case battery changes were needed during measurement. A sheet of 0.18-mm thick clear polyester film (POLYCLR.007,ePlastics.com, San Diego, CA, USA) was then wrapped around the stem and attached to the adhesive foam rings to form the cylindrical cuvette. The vertical seam of the film cylinder was sealed with a vertical strip of thin-foam double-sided adhesive tape. Excess film was removed at the seam and at the top and bottom of the cuvette with scissors. To insure that the cuvette was air-tight, silicone caulk was applied to the vertical seam and to the rings outside the cuvette to further seal the closed-cell foam to the bark. Air from a pressurized gas cylinder (Airgas, Athens, GA, USA) at a known CO 2 concentration ([CO 2 ], μmol mol −1 ) near ambient was passed through the cuvette continuously using a mass flow controller (Model FMA 5514, Omega Engineering, Stamford, CT, USA). The flow rate was varied with tree size from 0.9 to 4.0 l min −1 to maintain a similar [CO 2 ] in the cuvette for all trees. To assure that the cuvette was adequately sealed, leak testing was performed on each cuvette several times during the 24-h period by measuring the flow of air through the exit line with a manual 
where f A is rate of air flow through the cuvette surrounding the stem segment (mol s ), measurements of xylem temperature, [CO 2 ], sap pH and sap flow were made. Xylem temperature at 2 cm depth was measured with a copper-constantan thermocouple placed in a small hole drilled in the stem just below the cuvette. The thermocouple was sealed into the stem with putty and then covered with an additional layer of silicone caulk on the outer bark. Xylem [CO 2 ] was measured with two solid-state non-dispersive infrared (NDIR) CO 2 sensors (GMM220, Vaisala, Vaanta, Finland). A gas permeable membrane tube, closed at one end (High Porosity PTFE 200-07-S-1, International Polymer Engineering, Tempe, AZ, USA), was sealed to the sensor with synthetic rubber sealant (Plasti Dip Multipurpose, Plasti Dip International, Blaine, MN, USA) to prevent moisture intrusion. Sensors were installed in 2 cm diameter holes drilled to a depth of 5 cm into the stem immediately above and below the cuvette in a vertical line on the north side of the tree. The sensors were sealed at the stem surface with putty to prevent gas exchange with the atmosphere, and further sealed with silicone caulk on the outer bark. The cuvette and sensors were wrapped with foil-covered bubble insulation (Double Reflective Insulation, Reflectix, Markleville, IN, USA) extending 0.3 m above and below the sensors and was sealed to the stem with tape to block direct solar radiation and prevent corticular photosynthesis and heating of the stem and sensors. Xylem sap pH was measured with a solid-state pH microsensor and meter (Red-Line Standard sensor and Argus meter, Sentron Europe BV, Roden, The Netherlands) on sap expressed from twigs with a pressure chamber and collected with a pipette. Several samples were measured and averaged per tree. Sap pH varied little, ranging from 5.65 to 5.88 among the five trees (Table 1) , and was assumed to be constant within a day (Aubrey et al. 2011) .
Sap velocity (cm s ) according to methods of Granier (1987) . Total sap flow was estimated by constructing a radial profile for each stem by measuring sap velocity at depths of 15, 50 and 90 mm for the three larger trees and 15 and 50 mm for the two smaller trees (McGuire and Teskey 2004) . Profile measurements were scaled to sapwood area according to methods of Hatton et al. (1990) .
Gas phase [CO 2 ] measured with the CO 2 sensor was converted to the concentration of all dissolved products of CO 2 in sap ([CO 2 *], μmol l −1 ) according to Henry's law using measurements of stem temperature and sap pH and following the methods described by McGuire and Teskey (2004) and Teskey and McGuire (2007) . Transport flux was calculated as:
where f s is rate of sap flow through the segment (L s −1 ) and ). Storage flux was calculated as:
where [ *] CO T 2 0 and [ *] CO T 2 1 are means of upper and lower [CO 2 *] in the stem segment at times T 0 and T 1 , respectively, L is the amount of water in the segment (l m −3 ), and T is time interval
Air temperature approximately 1 m above ground was measured adjacent to the measurement tree with a thermocouple protected with a radiation shield. All sensors were measured every 10 s and averages were recorded every 10 min with a datalogger (Model 23X, Campbell Scientific, Logan, UT, USA). Data were processed and hourly means calculated in Excel 2010 (Microsoft, Redmond, WA, USA). Results were graphed using SigmaPlot 11.0 (Systat Software, San Jose CA, USA). . Due to the large variation in mean R S between the two small trees, and the differences in mean R S in those trees compared with the three larger ones, comparisons of the component fluxes of R S (E A , F T and ΔS) were made relative to the R S of each tree.
When summed over the 24-h period, the ratio of E A to R S decreased linearly from the smallest to the largest diameter tree (R 2 = 0.91, Figure 1A ). Efflux of CO 2 to the atmosphere was almost 90% of R S in the smallest diameter tree but it was less than 50% of R S in the largest diameter tree. This relationship was also strongly linear on a sapwood area basis, but the fit of the linear regression was slightly worse than with diameter (R 2 = 0.89, Figure 1B ). This pattern was reversed for the internal flux (F T + ΔS). (The ΔS flux was very small in all trees, so it was combined with F T .) There was a linear increase in (F T + ΔS)/R S with an increase in stem diameter (R 2 = 0.91) or sapwood area (R 2 = 0.90) (Figure 1 ). The ratio of (F T + ΔS)/E A also increased linearly with increasing stem diameter (R 2 = 0.94) and sapwood area (R 2 = 0.97) (Figure 2 ). Sap flow summed over 24 h was linearly related to both stem diameter and sapwood area (Figure 3 ; R 2 = 0.84 and 0.94, respectively). A comparison of diel patterns in Trees 3 and 5, which differed substantially in diameter (31.4 vs 60.6 cm at mid-cuvette), revealed large differences in the fluxes contributing to R S (Figure 4 ). These trees were selected for comparison because they differed in size but had similar R S , and similar mean stem temperature (22.7°C vs 22.3°C) and predawn xylem pressure potential (−0.14 vs −0.17 MPa) on the days they were measured (Table 1) . In addition, the range of stem temperature was also similar in the two trees, with a maximum of 23.7 and 22.9°C and minimum of 20.7 and 21.7°C, in Tree 3 and Tree 5, respectively.
Sap flow was much greater in the larger tree (Tree 5) than in the smaller tree (Tree 3) with peak sap flow >25 l h −1 in Tree 5
and <10 l h −1 in Tree 3, corresponding to the differences in sapwood area between the two trees ( Figure 4C and D, Table 1 ). The increase in [CO 2 *] from the bottom to the top of the 30 cm measurement zone was much greater in the larger tree as well ( Figure 1E and F), and daily mean [CO 2 *] was also greater in the larger tree (Table 1) . Efflux of CO 2 from the stem to the atmosphere (E A ) was higher throughout the daytime hours in the smaller tree than in the larger one (Table 2) . Summed over the entire 24 h measurement period, E A was 53% higher in the smaller tree than the larger one. Although E A varied greatly in the two trees, 24-h total R S was very similar: 6.3 mol m −3 in Tree 3 and 6.5 mol m −3 in Tree 5. This similarity resulted from differences in F T which offset the differences in E A (Table 2 ). In the smaller tree 24-h total F T was 1.6 mol m −3 , while in the larger tree it was 3.6 mol m −3 (Table 2) .
Consistent with these patterns, the relative contribution of E A and F T to R S over the diel measurement period differed in the two trees. In the smaller tree E A and F T were 73% and 26% of R S , respectively, while in the larger tree, they were 46%, and 55%, respectively (Table 2) .
Although the magnitude of the component fluxes differed, the diel patterns in the two trees were similar ( Figure 4A and B) . Maximum R S and F T occurred at about 10:00 h (mid-morning) in both trees. Transport flux exhibited the greatest diel variation, ranging from zero at night to its peak at~10:00 h. The change in the amount of CO 2 stored in the stem (ΔS) exhibited little variation over 24 h, but there was more diel variation in the larger tree than in the smaller tree. During most of the daylight hours, ΔS of the larger tree was more negative than ΔS of the smaller tree, indicating that more CO 2 was removed from the storage pool, either by diffusion to the atmosphere or by transport in xylem, in the larger tree than in the smaller one. Efflux of CO 2 to the atmosphere showed less diel fluctuation than R S and F T , and the larger tree showed less variation than the smaller one. At night, E A was substantially greater than F T or ΔS. However, during daylight hours from 09:00 to 19:00 h, F T of the larger tree considerably exceeded E A , while in the smaller tree F T was equal to or less than E A throughout the 24 h period.
Discussion
This was the first comparison of the effect of tree size on R S , E A and F T . In previous studies using the mass balance technique to estimate R S , stems of similar size were selected, or only an individual tree was measured, so the effect of stem diameter and sapwood area on E A and F T was not apparent Teskey 2004, Teskey and . In this study, in L. tuliperfera trees the balance between the amount of respired CO 2 that diffused out of the stem to the atmosphere versus what remained in the stem and was transported in xylem sap depended on the size of the stem. The greatest proportion of R S was distributed to E A in smaller diameter stems while the Tree Physiology Online at http://www.treephys.oxfordjournals.org greatest proportion of R S was distributed to F T in larger diameter stems, in agreement with our hypothesis. These relationships were linear with both stem diameter and sapwood area. Consistent with our results, there have been several reports that CO 2 efflux to the atmosphere, calculated on a unit volume basis, decreased with tissue diameter, including in Pinus densflora stems and branches (Kim et al. 2007 ), P. ponderosa stems (Carey et al. 1997) , P. nigra stems (Liberloo et al. 2008) , branches of Pinus cembra trees (Wieser and Bahn 2004) , stems and branches of P. pinaster trees (Bosc et al. 2003) , stems of C. micranthum and G. senegalensis (Levy and Jarvis 1998) , and in stems of 10 tropical tree species in Brazil and Cameroon (Meir and Grace 2002) . Some workers have reported increases in CO 2 efflux to the atmosphere with tree size, such as Sprugel (1990) in Abies amabilis trees. Yang et al. (2012) reported that CO 2 efflux to the atmosphere increased linearly with DBH in 10 temperate tree species. Although the reports of Sprugel (1990) and Yang et al. (2012) appear contradictory to our findings, they are actually consistent because we calculated CO 2 fluxes on a sapwood volume basis, whereas it was calculated on a stem surface area basis in those studies and the two calculations vary inversely Jarvis 1998, Robertson et al. 2010 ). When Cavaleri et al.(2006) measured CO 2 efflux of stems and branches of tropical tree species they reported that efflux increased with increasing stem and branch diameter from 1 to 80 cm when calculated on a surface area basis, but decreased with diameter when calculated on a tissue mass basis.
There are several possible explanations for the larger proportion of R S distributed to E A in small trees versus large trees. Small stems or branches have a higher surface-to-volume ratio than large trees (Stockfors and Linder 1998, Wittmann et al. 2006 ) and most of the living cells in small diameter stems and branches are found in the phloem and inner bark (Bosc et al. 2003) . The phloem and inner bark are close to the stem surface and the bark of small diameter woody organs is often thinner than that of larger diameter organs, as was observed in this study, so respired CO 2 from cells close to the surface can more readily diffuse to the atmosphere from smaller organs. In addition, any CO 2 present in the xylem can diffuse to the stem surface more easily in smaller organs because the pathway is much shorter than in larger organs with wider sapwood. Pruyn et al. (2002) observed that outer sapwood had a higher respiration rate than the middle and inner sapwood. Sapwood respiration has been reported to decline towards the sapwood/ heartwood boundary (Spicer and Holbrook 2007) . In our study F T was linearly related to stem diameter and sapwood area. This could indicate that the radial pattern of xylem respiration was the same in small and large diameter trees, or that the barriers to diffusion from the xylem to the atmosphere in the xylem and bark increased with increasing tree size, which would have prevented progressively more CO 2 from diffusing out of the xylem into the atmosphere (Mugnai and Mancuso 2010) . In addition, the longer pathway for diffusion of CO 2 from the xylem to the surface in larger trees may have increased the amount of CO 2 that dissolved in sap and was transported upward relative to the amount that diffused to the atmosphere. Differences in sap flow was an important contributor to the pattern of greater F T with increasing tree size that we observed, and when summed over 24 h sap flow exhibited the opposite pattern to efflux with relation to both stem diameter and sapwood area. Throughout our study, the trees were not under water stress and environmental conditions were favorable for transpiration on measurement days. The amount of water transported through the stem over a 24-h period generally increased with stem diameter and was 3.8 times greater in the largest compared to the smallest tree. Water entering roots from soil has a much lower [CO 2 *] compared with stem water and it dilutes [CO 2 *] in the stem. The decrease in stem [CO 2 *] caused by increases in sap flow can affect E A in two ways: first, as [CO 2 *] decreases, the gradient from stem to atmosphere decreases resulting in slower radial diffusion, and second, more CO 2 can dissolve in sap, removing it from the pool that can readily flux to the atmosphere ). In addition, more water moving through the stems of larger trees results in greater mass transport upward of dissolved CO 2 . These conditions suggest that the increase in sap flow with an increase in stem diameter may be an important factor contributing to the positive relationship of (F T + ΔS)/R S with stem diameter and the negative relationship of E A /R S with stem diameter. This concept is supported by the findings of a study by McGuire et al. (2007) in small diameter detached branch segments of Planatus occidentalis. They artificially manipulated the rate of water flow through the Tree Physiology Online at http://www.treephys.oxfordjournals.org branches and measured both radial CO 2 efflux and the [CO 2 *] of water flowing out of the branch ends and found that E A was inversely proportional, and F T was directly proportional, to the rate of sap flow.
When both internal and external fluxes of CO 2 were accounted for, the three largest trees, with DBH of 30, 45 and 60 cm, had very similar diel R S . The changes in the proportion of CO 2 accounted for by E A and F T in those trees strongly supported the hypothesis that as trees increase in size (and sapwood area) more respired CO 2 is transported internally away from the respiring cells where it was released. However, the two smallest trees (16 and 25 cm DBH) had different diel R S than the larger trees. , compared with a mean of 76.6 μmol m −3 s −1 for the three largest trees. Part of the explanation for this may be environmental, as the highest diel R S was on the hottest day. However it may be that the experimental technique is more suited to large trees than small ones. It is more difficult and disruptive to insert the CO 2 probes onto the sapwood of smaller trees to measure F T . The wrap-around cuvette is also more difficult to use with smaller diameter stems and may have also introduced error to the measurement, perhaps from injury to the thin bark. However, it is also possible that the measurements were accurate and different rates of diameter growth, or other tree-specific causes of variation in R S at the time of measurement, accounted for the observed variation in diel R S in small diameter trees. Growth rate, tissue nitrogen concentration and environment conditions can have a large effect on tissue respiration, and could have affected R S of the trees that were measured on different days, and were different sizes and ages. However, by analyzing E A and F T relative to each individual tree's R S , the variation caused by those differences could be minimized, and the pattern of increasing F T and decreasing E A with tree size became apparent. In all measured trees, R S increased with temperature as expected. However, E A , which often increases with increasing temperature, was decoupled from diel temperature patterns, showing either a decline with a diurnal increase in temperature (e.g., Tree 3) or no discernable diel pattern despite diel changes in temperature (e.g., Tree 5). This decoupling was accompanied by concurrent diurnal increases in F T with increasing temperature, suggesting that respired CO 2 was diverted upward in the stem when sap was flowing. Evidence of this diversion of CO 2 upward was also observed in the reduction of [CO 2 *] when sap was flowing, which also indicated that transport of water from soil diluted the [CO 2 *] of the sap. Similar responses have been observed in other studies McGuire 2002, 2007) . Saveyn et al. (2008) observed in young Populus trees that both [CO 2 *] and efflux increased substantially when sap flow stopped during daytime periods of rain, suggesting that sap flow and hence F T have a strong influence on E A .
Values of E A and F T vary in the literature. Angert et al. (2012) investigated several Amazonian tree species and concluded that on average 35% of respired CO 2 was transported internally. (Bowman et al. 2005 ) used a modeling approach and found that E A was 86-91% of R S . The variation in these studies, as well as in McGuire and Teskey (2004) and Teskey and McGuire (2007) , could be due to many factors including the use of different techniques, species effects, environmental conditions at the time of measurement, the season of the measurement and, as observed in this study, the sampling of individuals with different diameter and sapwood area.
In conclusion, we demonstrated that the relative amount of respired CO 2 that diffused from stems or moved internally within the xylem scales with tree size. Our results indicate that as trees increase in size, E A decreases and accounts for a progressively smaller portion of stem respiration. The relationship between E A and F T is affected by anatomical and physiological factors that change with tree size and among species. These are as yet not fully characterized but include the radial resistance to CO 2 diffusion, the quantity of sap flow, and the proportion of live cells in the sapwood and inner bark. Our findings show that it will be important to consider the effect of tree size and stem sapwood area on E A and F T in future studies of woody tissue respiration. The relationship we observed in L. tulipifera trees appears to be explain the often-reported decrease in E A with increasing branch and stem size. However, this is the first time R S , E A and F T were measured on trees of substantially different sizes of the same species, and those relationships with tree size need to be confirmed in studies of other species.
